Infirmary, Oxford OX2 6HE, UK. Following a survey of cancer incidence in the capital city of Mozambique (Maputo, formerly Lourenco Marques) which indicated an exceptionally high rate for HCC (Prates & Torres, 1965) , and following the laboratory research which demonstrated the hepatocarcinogenic properties of aflatoxin (Newberne & Butler, 1969; Carnaghan, 1967) , a study was undertaken to assess HCC incidence and levels of aflatoxin contamination in a rural area of the Country (Inhambane Province). A rural area was chosen because it was anticipated that diet and methods of food storage and preparation would have changed little over the past decades and that present contamination levels would therefore be relevant to the present incidence of HCC. Inhambane Province was selected because estimations of the incidence of HCC among workers from Mozambique employed in the gold mines in South Africa had indicated that Inhambane had an even higher incidence than Maputo . Initial results from Inhambane indicated high levels of both HCC and aflatoxin contamination (Van Rensburg et al., 1974) which strengthened the geographical association between the two variables that had previously been noted in other parts of Africa and Asia (Shank et al., 1972; Peers & Linsell, 1973 ).
There had been indications also of local variations in the incidence of HCC within Inhambane Province and the preliminary survey was therefore expanded into a programme lasting 7 years in order to accumulate sufficient data for assessment of regional variation of HCC in relation to aflatoxin contamination within the Province. The detailed regional information is given in the present paper. Studies of aflatoxin contamination were also made in Manhica-Magude District, an area just to the north of Maputo, where the mineworkers' survey indicated a low incidence of HCC, and in Transkei, situated some 500 km south of Mozambique, where a survey of cancer incidence was being undertaken (Rose & Fellingham, 1981) . 714 S.J. VAN RENSBURG et al. 
Materials and methods

Incidence of HCC
Mozambique -The Inhambane Survey The region investigated encompassed most of Inhambane Province, which is a coastal Province approximately midway between the towns of Maputo and Beira (Figure 1 ). It is subdivided into 10 districts of which two in the remote north (Govuro and Vilanculos) were excluded from the study since there were no hospitals within a reasonable distance which could provide an adequate standard of diagnosis for HCC. The remaining eight districts occupied an area of 38,656 square kilometres.
Histological confirmation of hepatocellular carcinoma was the primary requirement before registration was considered. Needle biopsies were performed throughout the period of the survey giving a relatively easy method of accurate diagnosis. For each patient basic personal information was recorded, viz: name, sex, age, home location and the date when the biopsy was taken.
More than 90% of all cases recorded were registered at the Chicuque Hospital which 'is situated in the Maxixe district. This hospital, under the direction of Dr R.L. Simpson, was well-known in the area for its standard of care. Several other small hospital/clinics existed throughout the study area, but none had resident doctors, with the exception at times of the hospital in the town of Inhambane a few kilometres across the bay from Chicuque, where a few patients qualified for registration.
Registration commenced in February, 1968 and continued for 7 years to the end of January, 1975 . In May 1970 the third year of registration, a national census was conducted which gave an age, sex breakdown of the population for individual districts of Inhambane Province (Instituto Nacional De Estatistica, 1974) .
Numerous young men from Mozambique work Figure 1 Map of southern Africa, indicating places mentioned in the text. Blackened areas indicate locations of dietary aflatoxin studies which were performed in Kenya (Peers & Linsell, 1973) , Swaziland (Peers et al., 1976) Bradshaw et al., 1982) . The census statistics for Mozambique are said to include the men who are temporarily absent. However, the hospital staff who provided the cancer data for the present survey were relatively confident that biopsies, which would qualify these workers for registration, were not taken from mineworkers sent home after diagnosis. In calculating incidence rates, therefore, the average number of men absent at the mines (Bradshaw et al., 1982) has been subtracted from the district populations. The majority of absent workers from Inhambane Province were employed in the South African gold mines so that serious bias will not have been introduced by failure to take account of people who were employed in other industries. Miners are recruited between the ages of 18 and 40 but men are re-engaged after the age of 40 provided that they are fit for work . For the present survey, it has been assumed that the miners were divided between the age groups 20-29; 30-39 and 40-49 in the proportions 40%, 40% and 20%. Age-specific and age-standardised rates of HCC have been calculated for Inhambane and its districts using the "African Standard Population". In order to obtain data for comparison with aflatoxin exposure studies performed elsewhere in Africa and Asia crude rates have also been calculated.
A fall in HCC rates among workers from Mozambique has been observed in successive stages of the mineworkers survey (Bradshaw & Harington, 1976; Bradshaw et al., 1982) . In view of this, crude incidence rates for the pooled data from the eight Inhambane districts have been calculated for individual years using population estimates that were derived by linear interpolation and extrapolation from the 1960 and 1970 census reports.
Mozambique -Manhica-Magude district ManhicaMagude district, lying somewhat to the south of Inhambane Province, was included in the food sampling programme for the assessment of aflatoxin levels because of the very low rates for HCC indicated in the mineworkers survey (Rose & Fellingham, 1981) . Rates were calculated using the African standard population, as in Mozambique. Absent mineworkers were not included in the census returns for the Transkei and it is thought (Rose & Fellingham, 1981) (Rose, 1973) . The combined incidence of HCC for these four districts was very similar to the rates for the whole Transkei and it was, therefore, assumed that the study regions were representative of the whole territory. Samples were collected during 1976 and 1977. The diet of Transkei is more monotonous than that of Inhambane. The staple of the region is maize which is the basic ingredient of 95% of meals, about half of which are supplemented by means or vegetables such as pumpkin or "wild spinach" (Groenewald et al., 1981) . In view of the very low intake of animal protein. no attempt was made to sample the rare meat dishes encountered.
Aflatoxin analysis In the field, samples were mixed with 20ml chloroform immediately after they had been weighed and then were stored at 5C until assayed.
In the laboratory, the whole of each sample was mixed with 250ml chloroform and 50ml water, and homogenised in a Sorvall blender at maximum speed for 2min. After centrifugation at 2,500r/min for 15min, the extract was filtered and the chloroform phase collected quantitatively. Further cleanup procedures, silica gel 60 column chromatography and thin layer chromatography were performed as described by Peers & Linsell (1973) . Confirmatory derivative formation (Przybylski, 1975) was always performed when adequate aflatoxin B1 was present (> 5 g kg ').
Results (i)
Incidence of HCC In the Inhambane survey a total of 493 HCC patients were registered amongst 581,667 people who lived in the study area. Census records showed that 98.8% of all the people in the Inhambane Province were blacks and all HCC patients registered belonged to this ethnic group.
Male incidence rates ranged from 9.3 to 60.7 per 100,000 (Table I ) and female incidence rates varied from 3.7 to 13.0 per 100,000. Rates are high for both sexes in the inland district of Panda and low for both sexes in the northern region of Massinga ( Figure 2 ). They are high for men (47.9 per 100,000) and moderately high for women (10.3 per 100,000) in the combined districts of HomoineMaxixe.
The rates recorded among mineworkers from Inhambane Province are Table I Age-standardised incidence of HCC per 100,000 in eight districts of Inhambane Province, Mozambique and in Transkei (1965-69) ( , crude rates for men mostly aged between 20 and 50. shown in Table I alongside the local rates. These also indicate a high rate in Panda and a low rate in Massinga but the ranking of the other districts differs. In particular Homoine-Maxixe District had one of the lowest incidence rates within Inhambane Province in the mineworkers survey. Age-specific rates for the combined eight districts of Inhambane Province are presented in Table II . Similar age-specific rates for other centres in Africa have been calculated from data given in the first two volumes of "Cancer Incidence in five Continents" (Doll et al., 1966 (Doll et al., , 1970 to give values for the same age groups as have been used in the Inhambane survey and these are plotted in Figure 3 in comparison with the Inhambane figures. The places for which rates are given are shown in Figure 1 . Age-specific rates for Taiwan (Beasley et al., 1981) , England and the USA (Waterhouse et al., 1976 (Waterhouse et al., , 1982 are also presented in Figure 3 . In using the data from Africa the categories for "primary liver cancer" and "liver, secondary and unspecified" (WHO (aged 10-19 and 20-29) are an outstanding feature of the Inhambane Province rates. Moreover the incidence in the age groups from 20-29 to 50-59 is at a similar level without the gradient of increasing incidence with age that is commonly found elsewhere in the world. The age curves for Maputo have a similar shape but those for other areas of the world all show a more or less linear increase when the logarithm of incidence is plotted against the logarithm of age (Figure 3) .
The ratio of male to female incidence in Inhambane Province varies from around 1.5 to one in the age groups 0-9 and 10-19, to three to one in the age groups 20-29, 30-39 and 40-49 and increases to four or more to one in the three oldest age groups.
Age-specific rates for individual districts in Inhambane Province are also shown in Table II . In most districts, the age-specific rates for men between the ages of 20 and 49 are lower than the rates indicated for this age group in the mineworkers survey (shown here in Table I ).
The calculations for crude incidence rates for each year of the Inhambane survey indicate a relatively smooth fall in incidence from year to year and a decrease of 43% between 1968 and 1973 , from a rate of 17.4 to 9.9 per 100,000. The regression of incidence against year indicated a significant decline during this period (P=<0.05). The rate dropped further to 6.4 during 1974 but during this time there were periods when the principal hospital of the survey was understaffed. Discussion (i)
HCC incidence Variation between districts of Inhambane Province
Results have been presented that indicate marked regional variation in frequency within Inhambane Province. However, comparison of the rates calculated from the local survey with those of the mineworkers survey suggest that the rates recorded locally are lower than might be expected and indicate discrepancies in the ranking of individual districts. It is probable that the difference between the two surveys arise largely, although not entirely, from a decreasing attendance at hospital with increasing distance from the hospital where the majority of patients were seen in the local survey. It has long been established that in Africa attendance at hospital falls rapidly with distance from the patient's home (Davies et al., 1965; Jolly & King, 1966) . The availability of an independent set of rates from the mineworkers survey, that would not be subject to this bias, permits an estimation of the degree of underreporting that has occurred within Inhambane Province.
The In part, the discrepancy between the two surveys may reflect problems in allocating addresses correctly in the mineworkers survey (conducted over 500 miles away in a different country). In particular the high rate recorded for Inhambane District in contrast to the low rate in the local survey may represent confusion between Inhambane District and Inhambane Province.
The highest and lowest rates occur in the same districts in the two surveys but doubt remains as to the precise ranking of the districts and, in subsequent comparisons with levels of aflatoxin contamination, use has, therefore, been made both of the local rates and of the rates from the mineworkers survey.
When considering the age-specific rates for Inhambane Province as a whole, the information from the mineworkers survey permits an adjustment for underreporting that is less uncertain than those for individual districts. A rate of 81.1 per 100,000 was recorded for the mineworkers in the combined eight districts of Inhambane (rate adjusted to allow for the differing proportion (6 to 13%) of the male population who were absent from the mines from each district). This compares with rates of just over 40 per 100,000 in the local survey for men of comparable age (Table II Given that underreporting of this extent has almost certainly occurred in the Inhambane survey it could be that the falling away from the expected shape of age curve for .HCC patients noted in the local rates (Figure 3 ) simply represents progressively greater under-attendance at hospital with increasing age. There are several pieces of evidence, however, which suggest that this is not the principal explanation. In the first place, the flattening of the curves for both men and women starts at a relatively young age (i.e. in the age group 30-39). Secondly the most striking feature of Figure 3 is the similarity between the shape of age curves for Inhambane and those for Maputo. For Maputo, the pooled age-specific incidence has been calculated also for 13 sites of cancer* which would be expected, on a double logarithmic scale, to show an approximately linear relationship between incidence and age (Cook et al., 1969) . There is no indication in these figures of the gross departure from linearity that is apparent for the HCC curves and that would occur if the latter were due merely to under-attendance at hospital (Figure 4 ). Unfortunately no figures for other types of cancer exist for Inhambane but it can be assumed that the pattern of attendance is not very dissimilar from that in Maputo. In part, of course, the shape of the age curve for men in Inhambane is determined by the assumptions concerning the age of the absent mineworkers but only to a limited extent. Little difference is made if the assumptions are changed so as to postulate alternative age structures at the limit of likelihood in either direction. A final piece of evidence suggesting that the shape of age curve observed at the two centres in Mozambique is probably genuine comes from the mineworkers survey . The patients with liver cancer had a younger age structure than the patients with bladder cancer. The majority of patients in both groups (487/710 and 43/65 came from Mozambique.
The ratio of male to female incidence at all ages in Inhambane Province (Table II) is higher than that in the UK or the USA. The increase in the ratio for the age groups over the age of 50 in Inhambane probably does represent a greater tendency for older women not to attend hospital. .,,,c Mozambique there was 9-fold variation in the mean district contamination values for all samples (Table  IV) .
The percentage of samples found to contain aflatoxin was much higher in Transkei than in Mozambique (Table IV) but the concentrations were exceedingly low and only B1 was detected. The highest value for a maize-based meal was 10.1,ugkg-1 and this was exceeded only by a sample of soured milk that contained 27.3pugl-i. Table I (i.e. with the mining population subtracted from the total male population).
Calculation of correlation-co-coefficients shows a highly significant association between aflatoxin B1
intake and the level of HCC incidence; between the logarithm of aflatoxin B, intake and HCC incidence and between the logarithm of aflatoxin B1 intake and the logarithm of HCC incidence. The value of "r" is lowest for the simple linear association and highest for the double logarithmic association. Figure 5 shows the plot of incidence against intake on a double logarithmic scale.
Only a few samples of home brewed maize beer were taken since representative sampling proved difficult. However only 6 of the 23 samples that were tested were positive and these had uniformly low concentrations of aflatoxin resulting in an overall average B1 contamination of 0.69 pg -1. There is no evidence, therefore, that the omission of alcoholic drinks from the estimations of average contamination levels will have biased results.
Rank correlation co-efficients (Kendal's T) have been calculated for the association between liver cancer incidence and aflatoxin contamination for the six districts of Inhambane for which contamination data are available plus Manhica-Magude district and Transkei (Table V) . For men both the local rates and the mineworkers rates have been used. The association is significant for both men and women and for both aflatoxin B1 and total aflatoxin. For both measures of contamination, the association for women is stronger than either of the associations for men.
In Table VI the Mozambique and Transkei results are added to those from other parts of Africa and Asia. The incidence rate that has been derived for all the areas for which aflatoxin data are available is a crude rate using pooled male and female figures 0.64a -mine-workers' rates 0.57a 0.64a 
General discussion
The occurrence of HCC in Mozambique is characterized by six features which require explanation:
1. An exceptionally high incidence by world standards.
2. Geographic variation between neighbouring regions.
3. A very high incidence in adolescents and young adults which is not sustained at older ages. 4. A decline in incidence with time during the period for which figures are available in the last three decades.
5. A higher incidence in men than women. 6. A changing sex ratio with age. The last two features of the occurrence of HCC in Mozambique are common also in other parts of the world (Doll et al., 1970; Waterhouse et al., 1976) and will not be considered further in the present paper. Three major factors have been identified in different parts of the world as apparently having a causal role in the development of HCC: the ingestion of foodstuffs contaminated by aflatoxin; chronic active infection with HBV, and an excessive intake of alcohol (recent reviews of all factors are given by Falk, 1982 and by Munos & Linsell, 1982) . Various industrial chemicals (Hoover & Fraumeni, 1975) and the contraceptive pill (Henderson et al., 1983; Forman & Doll, 1983 ) may be responsible for a few cases in countries where these are used extensively and the smoking of cigarettes may give some increase in risk (Trichopoulos et al., 1980) . There is very little evidence to indicate that alcohol has played a role in the high incidence areas of HCC in Africa. A case-control study in South Africa gave no indication that it was implicated as a risk factor (Higginson & Oettle, 1960) and until recently cirrhosis associated with an excessive intake of alcohol has rarely been seen in HCC patients from Africa (Higginson, 1956; Maynard et al., 1970; Van den Heever et al., 1978) . The smoking of cigarettes has only recently started to spread in rural Africa and its contribution, if any, to be the very high rates of HCC observed in Mozambique can only be negligible. The same is true for industrial chemicals and oral contraceptives, so that the major factors which remain for consideration are aflatoxin and chronic HBV infection.
Data have been given in the present paper which indicate that variations in the level of ingestion of aflatoxin could be the principal cause of both the exceptionally high incidence of HCC in Mozambique relative to the rest of the world and of the differences that have been observed between regions within Mozambique. The aflatoxin levels observed in food samples are the highest ever recorded in any part of the world and various methods of looking at the data all suggest a geographical association with HCC incidence both locally and for all the areas within Africa and Asia for which reliable estimates of aflatoxin intake are available. A similar correlation between aflatoxin intake and age-standardised HCC mortality rates has recently been reported from China where there is considerable geographical variation in the occurrence of HCC with loci of very high incidence (Yeh et al., 1982) . Further confirmation of an aetiological role for aflatoxin has also come from a case-control study in the Philippines where the mean contamination level of different dietary items was established and individual levels of consumption determined retrospectively (BulatayoJayme et al., 1982) although no such association is apparent in a case-control study conducted in Hong Kong (Lam et al., 1982) .
The geographical pattern of incidence observed in Inhambane, where a higher incidence occurs in the drier, inland transitional savanna area of Panda than in the wetter forested area along the coast, is more like that reported from the Ivory Coast of West Africa (Tuyns et al., 1971) than the situation observed in Kenya and Swaziland where incidence was high in the hot humid areas of lower altitude and less high in the colder though wetter areas of higher altitude. The Inhambane findings may reflect the fact that aflatoxin contamination of peanuts grown in southern Africa is invariably higher in lower rainfall regions, due to factors such as premature death of nuts and husk damage by moisture-seeking termites.
The numerous case-control studies that indicated a causative role for HBV infection in the development of HCC (Tabor et al., 1977; Maupas et al., 1977; Kubo et al., 1977; Johnson et al., 1978; Trichopoulos et al., 1978; Kew et al., 1979; Omata et al., 1979) have been followed by evidence that suggests that chronic active infection with HBV may be a necessary initial factor in the development of all cases of HCC. A prospective study in Taiwan has indicated a relative risk of over 200 with all but one case occurring among persons who were carriers prior to development of HCC (Beasley et al., 1981) while viral DNA has been found incorporated into the host genome of HCC patients (Shafritz et al., 1981) including those who have no viral markers of HBV infection (Brechot et al., 1982). 1t has also been suggested that chronic HBV infection acting alone could be responsible for the large range of incidence for HCC that exists between different countries and that aflatoxin has little carcinogenic effect on humans (Prince, 1978; Lutwick, 1979) . This hypothesis was based on broad geographical comparisons of the two diseases and on estimation of a similar risk for HCC among carriers of HBV in Mozambique and in the USA.
If chronic HBV infection were indeed a sufficient cause for the development of HCC, a close geographical association between the two diseases would be expected, whereas several regions of anomalously high or low incidence for HCC relative to the occurrence of HBV have been reported. Bagshawe et al. (1975) found no difference in the prevalence of HBsAg in areas where an association had been demonstrated between HCC incidence and aflatoxin contamination (Peers & Linsell, 1973) . Ziegler et al. (1977) drew attention to an apparent low incidence of HCC in Egypt despite a relatively high prevalence of HBsAg and a similar lack of association has been reported from North Africa, the Middle East and the Asian Republics of the Soviet Union (Szmuness, 1978) . Prevalences of HbsAg as high as anywhere in Africa or Asia have been reported from Greenland (Skinhqj, 1977 ) and yet there is no evidence for an elevated risk of HCC above the low level that is found in neighbouring European or North American territories (Skinh0j et al., 1978) . Furthermore, higher prevalence of HbsAg have been reported from Taiwan both in control populations and among HCC patients (Tong et al., 1971; Sung et al., 1980) than have been found in Mozambique (Bersohn et al., 1974; Kew et al., 1979 ) and yet the age-standardised incidence for HCC is lower in Taiwan (calculations from data given in Beasley et al., 1981) than in Mozambique. The one clear indication of a geographical association comes from Greece, an area of moderate incidence for HCC, where mortality rates from HCC in different regions showed a correlation with the proportion of army recruits who were positive for HBsAg in both rural and urban areas (Trichopoulos et al., 1976) .
No measurements of the prevalence of carrier status for HBV have been made for individual districts of Inhambane Province. However, data are available for blood donors from among the mineworkers from different countries and territories of southern Africa, including Mozambique (Bersohn et al., 1974; Reys et al., 1977) and these can be compared with the HCC incidence rates that have been observed for the same populations . Estimations of the incidence of HCC among carriers of HBV made from these data (Cook-Mozaffari & Van Rensburg, in preparation) show a wide range of variation between different areas of southern Africa. The lack of a geographical association between the incidence of HCC and the prevalence of HBV carrier status is in striking contrast to the association which has been demonstrated above between HCC incidence and aflatoxin contamination within Asia and Africa.
The precise roles of HBV infection and aflatoxin intake in the development of HCC remain to be elucidated. The existence of regions of low incidence for HCC despite an elevated prevalence of HBV infection may indicate that HBV infection acting alone has little carcinogenic effect but that it needs to be potentiated by some other factor. The clear geographical association between aflatoxin contamination and HCC incidence in parts of Africa and Asia, despite the crude nature of the data, and the lack of an association with HBV prevalence at higher levels of incidence for HCC suggests that in these regions aflatoxin is a major determinant of risk. It is of interest that areas where a moderate to high prevalence of HBV is accompanied by a low incidence of HCC tend to be either too dry, as in Botswana, ot too cold, as in Greenland for the growth of aspergillus flavus. An aflatoxin survey in Egypt, which has a hot and dry climate, and a reportedly low incidence of HCC, revealed exceedingly low levels of contamination (Girgis et al., 1977) .
If, as the recent evidence cited above suggests, HBV infection is indeed a necessary initial factor in the development of HCC, it could be that, in Mozambique, where the intake of aflatoxin is exceptionally high but the prevalence of HBsAg is only moderate by African and Asian standards, the proportion of carriers in the population is actually a limiting factor in the occurrence of HCC and that this is the explanation of the abnormal shape of age curve for HCC that has been observed there in all districts except those of lowest incidence for HCC. Some susceptible individuals will of course be removed from the population by death from HCC. However, it is suggested that this is not the principal limiting factor, since only around one quarter of those who are positive for HBsAg will have died of HCC by the age of 40 (in the absence of other causes of death). Rather it is suggested that there are not enough susceptible individuals for the chance coming together of the two variables. Support is given to this hypothesis by the fact that aflatoxin contamination of foodstuffs within Mozambique would itself seem not be be uniform but to involve a relatively small proportion of the samples with some sporadically very high levels of contamination. Just as it is postulated that a major determinant of variation in the incidence of HCC both within Mozambique and between Mozambique and other areas of the world is aflatoxin intake, so it would seem that a decline in intake levels may be responsible for the decrease in incidence that has occurred. Liver cancer is sufficiently common to be a familiar disease and there has been widespread publicity in Mozambique about the dangers of mouldy food which is likely to have resulted in increased selectivity during the preparation of foodstuffs. Also, as has happened with cashew nuts, economic pressures are probably reducing the consumption of peanuts, a crop that has been the most common dietary staple in Inhambane. High yielding and easily cultivated maize is, as in most of southern Africa, supplanting some traditional crops and, in Mozambique, maize does not seem as liable to serious contamination as peanuts or cassava (Van Rensburg et al., 1975) . If either hypothesis were correct it would suggest that aflatoxin was having a late stage effect in the development of HCC since both the dissemination of public health knowledge and the economic changes are recent phenomena. A further indication that aflatoxin has a late-stage effect comes from a survey among the South African gold miners (Purves, 1973) which indicated that after six months to a year at the mines the incidence of HCC declined quite sharply.* It can be assumed that the diet at the place of work contained very little aflatoxin since their commercial food supplies were under statutory control. If aflatoxin did indeed exert a late-stage effect, then intervention aimed at reducing consumption among HBV carriers would have good prospects of a reduction of HCC incidence within a few years.
In conclusion therefore, data have been presented from Mozambique and Transkei which indicate that the geographical association that has previously been noted between the contamination of foodstuffs by aflatoxin and the incidence of HCC in Africa and Asia continues at the highest levels of contamination and incidence. In Mozambique it appears that the level of incidence for HCC in middle and old age would be even higher were it not for a limitation probably imposed by an insufficient number of susceptible individuals in the general population. In view of the growing body of evidence that chronic active infection with HBV is a necessary first factor in the development of HCC, liver damage due to HBV is the presumed cause of susceptibility. The proportion of carriers that has been observed in Mozambique is only moderate by African and Asian standards and presumably is too low to allow the very high levels of aflatoxin that have been found to have their full carcinogenic potential. There are several indications from Mozambique that aflatoxin has a late-stage effect in the development of HCC, in which event the prospects for intervention would be good in persons who are already carriers for HBV.
